ABSTRACT PURPOSE: Shorter constitutional telomere length has been associated with increased cancer incidence.
INTRODUCTION
analysis to 3 SMN types -breast cancer, thyroid cancer and sarcomas, thus capturing the most common SMNs observed in this population. To be eligible for the current study, subjects must have had a buccal cell DNA sample available in the CCSS biorepository and should not have received hematopoietic cell transplantation (HCT). Subjects with buccal cell samples procured prior to the development of their first SMN (n=41) were prioritized. However, in order to ensure adequate sample size, we did include subjects with samples procured after first (n=96) and second SMN diagnosis (n=10). Among the 10 subjects with a second SMN, those with breast cancer as a first SMN (n=5) had developed breast (n=4) and thyroid (n=1) as second SMN's; those with sarcoma as first SMN (n=3) had developed sarcoma (n=2) and thyroid (n=1) second SMN's; those with thyroid cancer as first SMN (n=2) had developed melanoma (n=1) and sarcoma (n=1) second SMN's.
In selecting the appropriate control group for this study, our goal was to ensure that both cases and controls had equal opportunity for developing a SMN. Accordingly, controls were years, and 12 pairs [8.2%] falling within 5+ years), exposure (yes/no) to specific classes of chemotherapeutic agents (anthracyclines, alkylators, epipodophyllotoxins, other, none), and exposure (yes/no) to specific radiation fields (chest/spine, brain/neck/head, abdomen/pelvis, other, none). The case/control pairs were generated by density sampling and, as with cases, HCT recipients were excluded from consideration as controls.
Research. 
Source of DNA and Methods of Isolation
Estimations of constitutional telomere length may be made using DNA extracted from blood, buccal cell samples, or fibroblasts as a representative cell population for the organism as a whole(21, 22). In individuals with an underlying defect of telomere biology, these three cell types have demonstrated significant intra-individual correlation when telomere content (TC) is measured by quantitative PCR(21). However, because telomere length may vary between cell populations, only subjects with DNA from mouthwash samples were included in this study, in order to minimize potential intra-individual variability (see Supplementary Methods and Supplementary Figures S1 and S2). Samples were collected using methods described previously(23), and genomic DNA was isolated from buccal cells using Qiagen kits.
DNA was quantified using a NanoDrop spectrophotometer (ThermoScientific) after vortexing to ensure accurate and uniform concentration. Samples were stored at -80° C until time of use.
Quantitative PCR for Telomere Content
We used a quantitative PCR (qPCR) technique to measure TC in buccal cell DNA. The data generated are a relative rather than absolute quantification, with the value corresponding to the amount of telomere DNA amplified relative to a single copy gene (36B4). Because this technique estimates telomere DNA quantity relative to the quantity of a single copy gene, we refer to the output of this measure as 'telomere content,' or TC, rather than 'telomere length.'
The qPCR technique averaged for the TC calculation. Case and control samples were intermixed at random so that the investigators were blinded to the case/control status at the time of TC measurement and calculation.
Statistical Analysis
To account for matching, we compared cases and controls with respect to the distributions of potential confounders using the Generalized Estimating Equation(26) when the outcomes were continuous or binary, and the bootstrap method(27) when the outcomes were from three or more categories (Tables 1 and 2 ). The Generalized Estimating Equation (26) was also used to compare cases and controls with respect to mean TC ( Table 3) . Odds ratios (ORs) and corresponding 95% confidence intervals (CI) for developing an SMN per unit change in TC (a continuous variable) were estimated by conditional logistic regression, adjusting for age at diagnosis of primary cancer, sex, race/ethnicity, smoking status, and family history of cancer in a first-degree relative. ORs were first estimated for all SMNs, and then by specific SMN type ( Table 3) . The same analyses were repeated using only the case/control pairs with case sample drawn prior to SMN diagnosis (Table 4) , and then only pairs whose cases were exposed to ionizing radiation. All tests were two-sided, with a two-sided p value of < 0.05 considered statistically significant. All statistical analyses were performed using SAS software version 9.2 (SAS Institute, Cary, NC).
RESULTS
A total of 159 SMN cases (breast cancer: n=75, thyroid cancer: n=49, and sarcoma: n=35) and 153 matched controls were identified. Two cases and two controls were excluded due to failure to amplify in all three wells or because the difference between all three values in the triplicate was greater than 0. cases included 68 cases with breast cancer, 48 with thyroid cancer, and 31 with sarcoma. The clinical characteristics of the cases and controls are summarized in Table 1 , and the distribution of potential confounding factors not included in the matching criteria are shown in Table 2 , with corresponding p values. Significant differences between cases and controls were noted in the sex distribution, primarily reflective of the number of women developing breast cancer SMN, and smoking status, with more '>1 pack/week for 5+ years' smokers among controls than cases.
TC was obtained for the 294 samples. All unknown Ct values were within the range of the standard curve, with correlation coefficients of ≥0.98. The average coefficient of variation for telomere Ct values was 0.58% (0.02% -1.86%), and for 36B4 was 0.39% (0.004% -1.28%). Paired analysis of TC indicated no significant difference in mean TC between the cases and controls for all SMNs (p=0.71), or when analysis was conducted by type of SMN (breast cancer, thyroid cancer, or sarcoma) ( Table 3) .
We conducted a multivariable analysis with TC as a continuous explanatory variable, adjusting for age at diagnosis of primary disease, sex, race, family history of cancer in a firstdegree relative, and smoking status. For all SMNs, cases had less TC than controls (adjusted OR 0.3, 95% CI 0.09-1.02, p=0.05), a finding that appeared to be primarily driven by observations in cases with thyroid cancer (OR=0.04, 95% CI 0.00-0.55, p=0.01). This effect was not observed in the sarcoma and breast cancer SMN subgroups ( Table 3) .
We then examined only pairs where the case sample was taken before their SMN diagnosis (41 pairs) ( Table 4) . In this group, for all SMNs, the adjusted OR was 0.08 (95% CI 0.01-1.11, p=0.06), suggesting that SMN risk associated with less TC may not have been the result of additional treatment exposure for the SMN. For this sub-analysis, the population was too small to conduct the analysis for individual SMN types. In order to understand the relation between TC and SMN among patients exposed to radiation, we restricted the analysis to case/control pairs with a history of exposure to radiation (116 pairs). In this group, for all SMNs, the adjusted OR was 0.38 (95% CI 0.09-1.70, p=0.21).
Within the individual SMN types, the observed difference between cases and controls exposed to radiation was only significant for those pairs including cases with thyroid cancer as a SMN (OR 0.06, 95% CI 0.00-0.92, p=0.04). A similar analysis restricted to case/control pairs exposed only to chemotherapy was uninformative due to small sample size.
DISCUSSION
In this study, we demonstrated an association between less TC and SMNs in childhood cancer survivors, an observation primarily driven by subjects with secondary thyroid cancer.
The three SMN types included in the current study, breast cancer, thyroid cancer, and sarcoma, are among the most prevalent SMNs in childhood cancer survivors and are associated primarily with exposure to radiation, and to a lesser extent chemotherapy(28-33), factors that are known to affect telomere maintenance. By selecting controls matched to cases by primary diagnosis and specific therapeutic exposures, we were able to account for the risk associated with these variables in the development of SMN.
Evidence exists for telomere shortening and down-regulation of telomerase activity after chemotherapy or radiation exposure in vitro(18), with effects that are irreversible(19). These results have also been noted in vivo, as both telomere shortening and reduced telomerase activity were noted in individuals who had received chemotherapy, compared with samples taken before the exposure(34). In addition, when compared with age-matched healthy controls, those who received chemotherapy had significantly shorter telomeres, suggesting that chemotherapeutic agents may accelerate the natural shortening that occurs with the aging process(35). Exposure to ionizing radiation also impairs telomere maintenance in vivo, as evidenced in Chernobyl workers exposed to low-dose ionizing radiation where telomeric shortening was seen even 20 years after exposure, further suggesting that the effect of radiation-induced telomere loss is prolonged(36). In a prospective study of HL patients, those with shorter telomeres, more complex chromosome rearrangements, and in vitro radiation sensitivity were more likely to develop SMN compared with those who did not demonstrate those characteristics(37). Therefore, individuals with constitutionally short telomeres or telomere damage after chemotherapy or radiation exposure may be at increased risk for developing SMN.
Our study suggests a relation between SMN and TC for all SMNs. Cases and controls were closely matched by age, diagnosis, and therapeutic considerations to allow each group equal opportunity to develop an SMN. Of note, significant differences in both sex distribution and tobacco exposure between the two groups may have acted as potential confounders, though adjustments for these factors were included in our statistical analyses. In considering specific SMN diagnoses, the association between TC and thyroid cancer, breast cancer and sarcoma varied among the three subtypes examined. A statistically significant association was observed between less TC and thyroid cancer. Risk for secondary thyroid cancer (in particular the papillary variant) has been associated primarily with radiation exposure, although associations with chemotherapy have also been described(28, 32). This risk exhibits a doseresponse relationship, as demonstrated previously in the larger CCSS cohort, of which this study is a subset(28). Interestingly, constitutional telomere shortening has been described in subjects with familial papillary thyroid carcinoma, when compared with those with sporadic thyroid cancers(38, 39). Moreover, evidence of damage to telomeric DNA, such as increased number of telomeric fusions and spontaneous telomeric interactions, was observed in familial papillary thyroid cancer subjects when compared with healthy subjects and spontaneous thyroid cancer patients, suggesting an underlying genomic instability predisposing these patients to cancer(40). These findings support the existence of abnormalities in telomere maintenance specific to thyroid cancer with hereditary predisposition, which may be a contributing factor to the significant association between secondary thyroid cancer and shortened telomeres observed in our study population.
Our results fail to demonstrate a relation between TC and secondary breast cancer.
Findings with regard to telomere length and risk for de novo breast cancer have been inconsistent. Though most retrospective studies show an association with shorter telomeres, this association loses significance when the question is examined prospectively suggesting that treatment effect may play a role in observed telomere shortening(41, 42). Therefore, the absence of an association with regard to secondary breast cancer is perhaps not surprising.
We observed a statistically non-significant positive association between TC and secondary sarcoma. Of the three SMN types considered in the current study, the sarcoma population was the most limited, both by sample size and heterogeneity, as samples represented both soft tissue sarcomas and bone sarcomas such as Ewing's sarcoma or osteosarcoma.
Recently, a case-control study showed longer leukocyte telomeres to be associated with an increased risk for soft tissue sarcomas(43). In contrast, another case-control study examining constitutional telomere length and risk for de novo osteosarcoma demonstrated a statistically significant association with shortened telomeres among females(44). Osteosarcoma is often associated with chromosomal aneuploidy(45), suggesting a predisposing underlying chromosomal instability. However, no significant correlations with polymorphisms in telomere biology genes have been found thus far(44).
In addition, the matched controls for our sarcoma SMN group consisted of a disproportionately high number of heavy smokers compared with the study population as a whole, which may have confounded the analysis, as smoking has been shown to shorten telomere length with each pack-year smoked (46) .
Although attempts were made to adjust for smoking status, an imbalance of tobacco exposure
restricting the sarcoma population to those whose sample was collected prior to SMN reversed the direction of the association to what was observed in the breast and thyroid cancer populations.
The association between TC and the subsequent development of SMN is most reliable when the sample is taken prior to the diagnosis of the SMN. One limitation to our study was that a significant proportion of our SMN cases had samples taken after their SMN diagnosis, raising the concern for further reduction in telomere content as a result of additional chemotherapy rather than as an observation that preceded SMN diagnosis. We examined this possibility by conducting a sub-analysis among cases that had samples collected prior to SMN diagnosis, demonstrating a maintained association between less TC and SMN that was concordant with our hypothesis. Such an association would be further strengthened if there were a measurable trajectory of telomere attrition prior to the development of SMN, as was shown by Chakraborty et al to occur preceding development of therapy-related myelodysplasia (47) .
Additional limitations include the relatively small cohort size, and the small amount of DNA available for analysis, which precluded our ability to validate our qPCR findings by Southern blot by probing for telomere DNA. Similarly, though it is the shortest telomere end, rather than average telomere length, that contributes to chromosomal instability (48) , the limited amount of DNA available also prohibited performance of single telomere length analysis.
There may be additional confounders potentially affecting telomere length, such as presence of gingival inflammation at the time of sample procurement, that we were unable to control for in our analysis due to lack of information. For example, we were unable to determine the influence of familial cancer syndromes on our data set, as information with regard to p53 or BRCA status, for example, was also not available. However, we did control for family history of cancer in a first-degree relative; furthermore, previous estimates of the proportion of familial cancer syndromes within the CCSS cohort, based upon self-reported family history, are low (9).
To our knowledge, this study represents the only investigation of an association between TC and SMNs in childhood cancer survivors. Our findings in this unique cohort suggest value in further study of shortened telomeres as a predisposing factor to development of SMN. Prospective validation of our results may elucidate whether subjects with SMN had short telomeres preceding their first diagnosis of cancer or had inappropriately rapid germline telomere attrition in response to chemotherapy or radiation. It is worth noting that the CCSS cohort is still relatively young, with the oldest subjects now in their fifth decade of life.
Therefore, the effects of further age-related telomere shortening may yet be forthcoming, so 
